The transient build-up of DNA supercoiling during the translocation of replication forks 3 5 threatens genome stability and is controlled by DNA topoisomerases (TOPs). This crucial 3 6 process has been exploited with TOP poisons for cancer chemotherapy. However, 3 7 pinpointing cellular determinants of the best clinical response to TOP poisons still remains 3 8 enigmatic. Here, we present an integrated approach and demonstrate that endogenous and 3 9 exogenous expression of the oncofetal high-mobility group AT-hook 2 (HMGA2) protein 4 0 exhibited broad protection against the formation of hydroxyurea-induced DNA breaks in 4 1 various cancer cells, thus corroborating our previously proposed model in which HMGA2 4 2 functions as a replication fork chaperone that forms a protective DNA scaffold at or close to 4 3 stalled replication forks. We now further demonstrate that high levels of HMGA2 also 4 4 protected cancer cells against DNA breaks triggered by the clinically important TOP1 poison 4 5 irinotecan. This protection is most likely due to the recently identified DNA supercoil 4 6 constraining function of HMGA2 in combination with exclusion of TOP1 from binding to 4 7 supercoiled substrate DNA. In contrast, low to moderate HMGA2 protein levels surprisingly 4 8 potentiated the formation of irinotecan-induced genotoxic covalent TOP1-DNA cleavage 4 9 8 1 High levels of (+) DNA supercoiling generated during replication are particularly dangerous 8 2 to genomes. The free energy stored in topologically overwound DNA in front of replicative 8 3 helicases can stall the translocation of replisomes. It has frequently been argued that (+) 8 4 supercoiling could also contribute to unscheduled replication fork reversal (4-9), which 8 5 would result in pathological chicken foot fork structures. Both scenarios, i.e. extensive 8 6 genome-wide fork stalling with or without fork regression, can ultimately contribute to fork 8 7 collapse into lethal DNA double strand breaks (DSBs) (4-11). Owing to the highly dynamic 8 8 nature of DNA topological changes during replication, however, these processes are 8 9
1 0 0 regression and, ultimately, fork collapse into lethal DSBs (3, 7, 8, 10, 12, (15) (16) (17) (18) (19) (20) (21) . In this 1 0 1 context, it has recently been argued that TOP1-trapping by camptothecin also leads to stress 1 0 2 due to the build-up of DNA supercoiling in yeast (22) . A second, more established scenario is 1 0 3 that the trapping of TOP1 in covalent complexes with DNA (TOP1cc) downstream of 1 0 4 replisomes by, for example, the camptothecin drug irinotecan, leads to replication fork run-1 0 5 off that converts single-stranded DNA lesions into highly cytotoxic DSBs (23, 24) . Taken The human oncofetal, non-histone chromatin factor high-mobility group AT-hook 2 1 1 1 (HMGA2) is evolutionarily highly conserved in mammals. HMGA2 is expressed during early 1 1 2 developmental stages and is aberrantly re-activated in many cancers (25, 26) . We recently 1 1 3 reported that HMGA2 exhibits replication fork chaperone activity in human and the is found in close proximity to stressed replication forks, and we presented evidence that 1 1 7 HMGA2 might, at least in part, act there through interfering with fork regression (27). However, the mechanistic details underlying this novel fork chaperone function of HMGA2 1 1 9 remained to be uncovered. In this context, subsequent in vitro studies provided some interesting leads. Single DNA 1 2 1 manipulation experiments showed that HMGA2 binds with high affinity to both (+) and (-) binding domains of HMGA2 (27, 28) . Furthermore, our recent unbiased high-throughput 1 2 6 5 compound screen in combination with biochemical assays pointed at a functional interaction 1 2 7 between HMGA2 and human TOP1 (29) . We therefore hypothesized that HMGA2, in 1 2 8 addition to or in conjunction with its proposed scaffold forming function at HU-induced 1 2 9 stalled forks, may be a cancer/stem cell-specific modulator of dynamic changes in chromatin 1 3 0 structure involving DNA supercoiling that contributes to replication fork stability during 1 3 1 replication stress. In this study, we tested this hypothesis and demonstrate using a combination of biochemical, 1 3 3 single DNA manipulation, and cell-based assays that HMGA2 has an important cellular 1 3 4 function in dealing with DNA topological challenges which occur during replication stress Chemotherapeutic agents that target replicative DNA polymerases, such as aphidicolin or 1 4 7 hydroxyurea (HU), induce replication stress through fork stalling. Extended HU exposure for 1 4 8 up to 24h results in replication fork-associated DSBs, which are distinct from apoptotic DNA 1 4 9 responses to drug treatment (30) (31) (32) . The resulting genomic DNA fragments vary in size and 1 5 0 amount, and can be taken as a measure of the extent of fork collapse induced by these agents. We have recently shown that HMGA2 can contribute to the protection of stalled forks by 1 5 2 reducing DSB formation in HU-challenged cells. This fork chaperone function was ascribed 1 7 1 trapped in the loaded cell plugs. In agreement with our previous study (27), we found that 1 7 2 24h HU treatment generated two distinct high molecular weight genomic DNA fragment 1 7 3 fractions (30-100kb and >1Mbp) ( Fig. 1 and S1 Fig.) . For each sample, the DNA fragment 1 7 4 fractions were normalized to the total DNA (total DNA = two distinct DNA fragment 1 7 5 fractions + the intact genomic DNA fraction in the well that is too large to be mobilized by 1 7 6 the electric fields). Strikingly, HMGA2 protected against HU-induced DSB formation across 1 7 7 all cell lines (including our previously employed HT1080 C1 and C2 cells, which were used 1 7 8 here as controls (27) (S1 Fig.) ). Notably, the most consistent reduction in DSB formation was 1 7 9 seen in the 30-100kb DNA fragment fraction ( Fig. 1 and S1 Fig.) . Hence, we conclude that 1 8 0 HMGA2 appears to have a general role as fork chaperone across various types of HU-treated 1 8 1 cancer cells. In a recent independent study that involved single-molecule analysis, we found that HMGA2 1 8 3 binds to plectonemic supercoils with very high affinity, subsequently leading to their 1 8 4 constrainment (28). This raised the possibility that HMGA2 could have a function in the 1 8 5 resolution of DNA topological problems that may arise during replication stress in front of genomic regions, can potentially enhance fork stability by limiting supercoil-driven fork 3 9 7 perturbations, at least temporarily until TOP2 enzymes can relax supercoiling. Such a role of 3 9 8 HMGA2 as an effective modulator of transient higher-order chromatin structures, with a 3 9 9 particularly important role at human subtelomeres (Fig 9A,B) , is further supported by the 4 0 0 protein`s known high mobility within chromatin and the fact that it binds with high affinity to 4 0 1 (+/-) scDNA over other double-stranded DNA conformers (28, 49) . These features will 4 0 2 enable HMGA2 to quickly associate with transient waves of DNA supercoiling as they the presence of exceptionally strong DNA topological barriers. It has been argued before that Shelterin complexes and the presence of telomere-loops (t-loops) (Fig 9A,B) Factor 2 (TRF2) and the exonuclease Apollo work in the same pathway as TOP2A to 4 1 5 mitigate the topological consequences of replication stress within telomeres (54). In this 4 1 6 context, it is worth noting that replication of most human telomeres originates from within 4 1 7 subtelomeric regions (55), hence establishing a unidirectional mode of replication that would 4 1 8 prevent rescue of a stalled fork from an incoming second fork that originated within the 4 1 9
terminal telomere repeat region. Our data now indicate that strong DNA topological barriers 4 2 0 likely exist at the end of human chromosomes and are substantial obstacles to replisomes that 4 2 1 translocate along subtelomeric DNA towards the canonical telomere sequences; a process 4 2 2 that would inevitably lead to particularly high levels of (+) supercoiling when the supply of 4 2 3 TOP1 becomes limiting or when the enzymes are trapped there in TOP1cc. As a 4 2 4 consequence, a substantial fraction of forks will run off, and the corresponding DSBs form 4 2 5 even at distances up to 100kb or more from the actual telomere repeat sequences (Fig 9A) .
2 6
An independent contributing factor to a scenario with impaired supercoil dissipation at the 4 2 7 end of our linear chromosomes could be the heterochromatic features of human subtelomeres 4 2 8 that were recently identified (56).
2 9
The broad protection that HMGA2 provides against HU-induced replication fork collapse into DSBs across all cell systems tested is in line with our previous mechanistic model, which 4 3 1 posits that HMGA2 forms a protective DNA scaffold at or nearby stalled replication forks 4 3 2 (27) ( Fig. 9C) . Whether temporary constrainment of supercoiling by HMGA2 plays a role in 4 3 3 protection against HU-induced fork collapse remains to be investigated further. Because of 4 3 4 the possible existence of strong topological barriers at telomeres, as discussed above, such a 4 3 5 protective function might be of particular importance to secure genome stability in fast 4 3 6 replicating cells. In support of such a scenario, our previous study had revealed that HMGA2 4 3 7 promotes chromosomal stability by reducing the occurrence of HU-induced radials, i.e. in vivo study that implicates HMGA2 expression as a prognostic factor to poor clinical 4 5 0 outcomes in human pancreatic cancer patients treated with DNA synthesis inhibitors (58).
5 1
In conclusion, our study uncovered that certain regions within human subtelomeres appear to 4 5 2 be exceptionally vulnerable to DNA topological challenges that result from TOP1 4 5 3 inhibition/trapping, and that the extent of subtelomere instability is influenced by the level of recommendations, and the cells were not passaged more than ten times from thawing to use.
7 7
All cell lines have been authenticated by short tandem repeat (STR) genotyping (1st BASE 4 7 8
Human Cell Line Authentication Service). Concentrate. Samples were heated at 95°C for 10 min and separated by electrophoresis, goat anti-rabbit (Dako, P0448)) at room temperature for 1h and washed three times (10mins Cells were seeded in a 6-well tissue culture plate and treated with either HU (Sigma) for 24h Subsequently, DNA was stained with ethidium bromide and quantification was performed 5 1 6
using ImageJ (see figure legends for details). Following the resolving of DNA fragments by Pulsed Field Gel Electrophoresis (PFGE), bromide stained gels were depurinated in 0.25 M HCl for 10 mins at RT followed by 5 2 2 denaturation in 0.5M NaOH and 1.5M NaCl twice at RT for 15 mins each. Subsequently, 5 2 3 neutralization was done in 0.5M Tris-HCl, 3M NaCl, pH 7.5 twice at RT for 15 mins each. Hybrilinker (UVP) and washed twice in 2X SSC. The membranes were prehybridized at 5 2 8
42°C for 1 hour in the ProBlot™ hybridization oven (Labnet) and hybridization was carried 5 2 9 out overnight at 42°C using 2µl of the telomeric probe. Membranes were then washed twice 5 3 0
(5 mins each) with stringent buffer I (2X SSC, 0.1%SDS) at RT followed by two more in 1X detection buffer for 5 mins. Next, substrate solution was added, and the membranes 5 3 6
were exposed to X-ray film (Carestream) for 10-20mins which were then developed in X- OMAT 2000 Processor (Kodak). expression vector was used to express HMGA2 with pEF1/Myc-A vector as mock control.
4 2
Prior to transfection, RPMI media was replaced with Penicillin-Streptomycin free media and added directly to each well after 24h with or without SN38 and incubated for 2hrs at 37°C.
2
Absorbance was measured at 450nm using microplate reader (TECAN Infinite M200 Pro). Caspase 3/7 activity was measured by adding 100µl of room temperature-equilibrated 5 5 8
Caspase/Glo® 3/7 reagent to each well and incubated for 1h at room temperature.
9
Luminescence was measured using a plate reading luminometer (TECAN Infinite M200 Pro).
6 0
In vivo complex of enzyme (ICE) assay 5 6 1 Endogenous TOP1cc were detected by Human Topoisomerase ICE kit (Topogen, TG1020-0)
following the manufacturer's instructions. Briefly, cells were seeded in 60mm tissue culture 1 9
Ethidium bromide staining of spotted DNA served as loading controls. Quantification was 5 7 0 performed using ImageJ (see figure legends for details). The ds DNA (6573bp 48% AT) was obtained by PCR from the 48502 bp phage-λ DNA (New 5 7 3
England Biolabs (NEB)) with Q5 Hot start polymerase (NEB). (FP: 5' -5 7 4 ATTACAAAGTTACCTGTCAAACGGT; RP: 5' -ACGTAAGGCGTTCCTCGATATG).
7 5
The two DNA handles (510bp) labeled by multiple digoxigenin and biotin are generated by with T4 ligase (NEB) overnight at 16°C.
7 9
Flow channel preparation 5 8 0
Flow channel was first made from two #1 glass coverslips and the bottom one was Silane-PEG-NHS (PG2-NSSL-5k, Nanocs) dissolved in DMSO and incubated for 1 hour. It at 4°C before experiments to avoid non-specific binding of DNA to the surface. In typical magnetic tweezers experiments, DNA molecules were tethered to a functionalized 5 8 9
glass coverslip by a superparamagnetic bead (Dynabeads MyOne) of 1μm in diameter. The 5 9 0
force was applied to the DNA molecules through the bead under an inhomogeneous external 5 9 1 magnetic field generated by a pair of Neodymium magnets and the force was controlled by Instruments). A rotation stage (DT-50, Physik Instruments) was used to rotate the magnets in threshold, the accumulated energy is relaxed through chiral bending into plectonemic 5 9 7
supercoiling conformation at forces below 0.5pN (61-63), which is indicated by the DNA 5 9 8 extension decreasing linearly as a function of Δ Lk. showing that extension remained nearly at the level of relaxed DNA conformation. A mixture 6 0 3 of 5nM TOP1 and 5μM SN38 was added into the channel and the SN38 dependent effect was Tris (pH 7.4). All experiments were conducted at 23 ± 1°C. samples were read to depths of at least 300 million reads. The sequencing data was subjected 6 2 5
to quality control analysis by FASTQC (64). The sequencing adapters were removed using in paired-end mode with default parameters. Reads were binned by bamCoverage using the 6 2 8
public Galaxy server (67). Since our fragments ranged between 30-100kb in size, we began 6 2 9
with 20kb binning to determine the enrichment in the SN38-induced DSB fraction. False 6 3 0 discovery rate (FDR) was calculated using the fdrtool R package (68) In vivo animal studies 6 3 5
All animal experiments were performed in the Biological Resource Centre, Agency for 6 3 6
Science, Technology and Research (A*STAR). Five to six weeks old SCID female mice Resource Centre, A*STAR. Room lighting was set to a 12-hours light-dark cycle as Quantification of SN38-induced DNA fragments (>1Mb and 30-100kb fractions) (right) was ns not significant, * p < 0.05. linearly. The scatter plot of the raw data is fitted by piecewise linear regression (also see S4. scDNA are relaxed in a jump-pause manner for a similar duration. and green indicating loss. The statistical significances of enrichments and depletions are 8 2 0
indicated in the center of the plot. separation using telomere-specific probes. SN38 treatment at three different doses was done 8 2 6
for 48h, with DMSO used as control. SN38 treatment was for 48h, with DMSO as control (n=3 independent experiments). PFGE separation using telomere-specific probes. 0.1µM SN38 treatment was for 24h, with comparing telomeric DNA fragments (>1Mb and 30-100kb fractions). irinotecan-treated PDX model (two samples are from model 1030). We compared these 8 5 1
expression levels with those in two HMGA2-expressing cancer cell lines that can serve as 8 5 2 standards for SN38 sensitivity: H1299 cells, which exhibit a high degree of SN38 resistance 8 5 3
due to very high HMGA2 levels, and HT1080 C1 cells, which exhibit an increased SN38 8 5 4
sensitivity due to moderate HMGA2 levels (see also S6. Fig.) . Quantification (right) of TGI is calculated taking the physiological growth of the tumor (vehicle group) into account. Dotted lines indicate 100% TGI level. Two-way ANOVA followed by Tukey's multiple PDX models used in the study. (TOP1cc), hence leading to more frequent replication run-off events a n d fork 8 7 7 regression/collapse that will ultimately separate sub/telomeres from the rest of chromosomal reduced with high HMGA2 levels, due to constraining of (+) sc DNA and TOP1 exclusion 
